In Japan, about seventeen nuclear power stations are operating. The energy generated by nuclear power stations is about 30 percent of gross generated electric power in Japan. A lot of spent fuels come out of the nuclear power stations. The spent fuels are stored in a canister which is put in a concrete cask until reprocessed in the reprocessing facility. The cask is generically free-standing on a horizontal floor. Recently, the huge earthquakes frequently arise, so it is necessary to prevent the cask from overturning and the canister from breaking when an earthquake occurs. In this study, the caskcanister system is considered as a dual structure. The structure is freely standing on the floor. We analyze sliding and rocking motions of the structure subjected to a horizontal earthquake excitation.
Introduction
In nuclear power stations, the storage of a lot of spent fuels is becoming impossible because of the shortage of the residual space of the spent fuel pool. It is planned to construct an another plant where the spent fuels are concentrated temporarily and stored. Therefore the spent fuels are packed in a container which is called canister, and the canister is stored in a free-standing cylindrycal container which is called cask. The cask is generically free-standing on a horizontal floor. In this sense, it is said that the cask-canister system is considered as a two-degree-of-freedom coupled system which is freely standing on the floor. On the other hand, huge earthquakes occured frequently recently. So, it is afraid that the cask slides and overturns when a large earthquake occurs. The purposes of this study are to investigate sliding and rocking motions of the two-degree-of-freedom coupled system subjected to base excitations, as well as the effects of the canister on the cask motion. Based on these results, we will build the design guidelines for the dual structure for revealing sliding and rocking phenomena, and will develop the effective vibration control structure utilizing the spent fuels inside the cask.
Many studies have been conducted on the motion of the single rigid body freely standing on the floor. As for the recent studies, Ishiyama analyzed the motions of rigid body in a vertical plane (1) . Harry W. Shenton, et al. formulated the equation of the base excited rigid body (2) . Jeong Man-Yon, et al. studied the rocking motion of rigid body (3) . These studies are about the sliding and rocking motion of single rigid body. But we found no study about a dual structure which is made up of an outer structure and an inner structure. In this paper, sliding and rocking motions of the dual structure subjected to a horizontal earthquake excitation are analyzed. The behaviors of the cask and the canister are evaluated. In an analytical model, the canister and the cask are connected by springs as a dual structure system. Sliding motion of a two-degree-of-freedom coupled system and rocking motion of a
Journal of System Design and Dynamics
Vol.2, No. 1, 2008 rigid body are considered when a horizontal earthquake excitation is applied. We assume that the floor is rigid, the cask is a cylindrical rigid body, and the canister is a mass supported by springs connected to the cask. And the canister is freely slidable on the cask floor. Under these assumptions, when the floor is subjected to horizontal earthquake excitations, the motions of the cask are classified into three types, i.e. (1) rest, (2) sliding without rocking and (3) rocking without sliding; so that any motions of the cask in a vertical plane can be represented. The equations of motion are derived for each type of motion when the floor is subjected to the horizontal earthquake excitations. Simulation studies are performed. The relative displacement of the cask against the floor and the relative displacement of the canister against the cask are obtained, and the effects of the canister in the cask motion are evaluated.
Analytical Model
A simple two-degree-of-freedom coupled system is treated here as an analytical model as shown in Figure. In this study, we assume that the floor is rigid, the surface of the floor is always horizontal, the cask is a cylindrical rigid body, and is free-standing on the horizontal floor. The floor is subjected to horizontal earthquake excitations. In the real cask-canister system, the canister is connected to the cask in the double end side so that the canister does not displace in the axis line direction of the cask. So in an analytical model, the canister is expressed as a mass supported by springs connected to the cask, and is one-degree-of-freedom system which can move only along the radial direction of the cask.
Motions of the Cask
When the floor is subjected to horizontal earthquake excitations, and the excitations are not so large, the cask may be at rest. When the excitations become large enough, the cask may slide or rock. We assume that the motions of the cask are classified into three types as shown in Fig. 2 . Fig. 2 
Equations of Motion
The equations of motion are derived for each type of motion when the floor is subjected to the horizontal earthquake excitations.
Case of Rest
When the cask is at rest, the relative displacement of the cask against the floor is constant.
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Fig. 2 Classification of cask motions
The equation of motion of the canister is shown in Equation.
(1).
where m 2 is the mass of the canister, x is the relative displacement of the canister against the cask, a h is the absolute horizontal acceleration of the floor, k is the constant of the spring which supports the canister connected to the cask.
Case of Sliding without Rocking
The condition that the cask slides on the floor is shown in Eq. (2).
where μ s is the static friction coefficient between the cask and the floor, m 1 is the mass of the cask, g is the gravitational acceleration. The absolute displacement of the cask ξ is shown in Eq. (3).
where x h is the absolute horizontal displacement of the floor, X is the relative displacement of the cask against the floor. The equation of motion of the cask is shown in Eq. (4).
where F is the sliding frictional force, and F is shown in Eq. (5).
where μ k is the kinetic friction coefficient between the cask and the floor, sgn is the signum function.
On the other hand, the absolute displacement of the canister ζ is shown in Eq. (6).
The equation of motion of the canister is expressed by Eq. (7).
Case of Rocking without Sliding
Here, the rocking without sliding motion of the cask without canister is considered. The rocking condition of the cask around the point O 1 or O 2 on the floor is expressed in Eq. (8).
where b is half the outer diameter of the cask, h is half the height of the cask. Eq. (8) is known as West's equation.
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The equation of rocking motion of the cask is shown in Eq. (9).
where I O is the moment of inertia around the point O 1 or O 2 , θ is the rotation angle of the cask, r is the distance from the base edge to the center of gravity of the cask, α is the angle between the vertical line and the line connecting the base edge and the center of gravity of the cask. (See Fig. 1 .) In this study, the collision damping between the cask and the floor is considered. The relation between the angular velocity before collisionθ 1 and the angular velocity after collisioṅ θ 2 is shown in Eq. (10) (based on Shenton's theory (2) ).
Analytical Parameters
The analytical conditions are summarized in Table 1 . The analytical conditions are based on a popular concrete cask and a canister which are found in the reference (4) . 
Simulation Results

Case of Rest
In this case, the two-degree-of-freedom coupled system is evaluated according to Eq. (1). The absolute horizontal acceleration of the floor a h is assumed to be sinusoidal wave as shown in Eq. (11).
where M ah is the amplitude of horizontal acceleration, f ah is the frequency of horizontal acceleration, and t is time.
Simulation study is performed when M ah =1 [m/s 2 ] and f ah =1 [Hz]. The time histories of the relative displacement X of the cask against the floor and the relative displacement x of the canister against the cask are shown in Fig. 3 . The absolute horizontal acceleration of the floor a h is enough small, the cask does not slide on the floor and only the canister vibrates.
Case of Sliding without Rocking
In this case, the two-degree-of-freedom coupled system is evaluated according to Eqs. (2)-(7). The absolute horizontal acceleration of the floor a h shown in Eq. (12) is employed here.
The time histories of the relative displacement X of the cask against the floor and the
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Vol. . In this case, the canister vibrates larger than others, but the force acting on the cask from the canister is not enough large, the cask does not slide. When k is greater than or 2008 equal to 1.0 × 10 7 [N/m] and less than or equal 1.0 × 10 10 [N/m], the cask slides. In this case, the total force from the canister and the seismic inertia force is larger than the static friction force between the cask and the floor. 
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Case of Rocking without Sliding
In this case, the cask motion is evaluated according to Eqs. (8)-(10). As the very fundamental study, we give 1 [deg] as the initial value of θ and release the cask. This causes the free-rocking of the cask. The time history of free-rocking is shown in Fig. 7 . The rotation angle θ shows the decay tendency. This seems to be caused by the energy loss at the impact between the cask and the floor shown in Eq. (10).
Here the absolute horizontal acceleration of the floor a h shown in Eq. (11) The time history of the rotation angle of the cask θ during 1 [s] is shown in Fig. 8 . During the excitation, large rockings occur both in the positive and the negative value of θ. Small rockings occur after large rockings. These small rockings are free-rocking motion. . These values correspond to the maximum acceleration and the predominant frequency of JMA Kobe-NS wave. The time history of θ is shown in Fig. 9 . As can be seen in Fig. 9 Fig. 11 . In this case, it is found that when f ah is less than 0.4 [Hz] , the cask will overturns due to resonance. This means that as for the overturning, the cask system should be designed carefully for the seismic inputs with low frequency and large amplitude. These numerical analysis results are similar to Jeong's experimental results (3) , therefore our analytical method is thought to be appropriate. Fig. 11 The shift of the maximum |θ| and the amplitude of θ in the steady state
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Conclusions
In this paper, the sliding motion of the cask-canister system and the rocking motion of the cask, which are free-standing structures on the floor, are studied. In the case of sliding motion, the effects of the canister in the cask motion are found to be relatively large. In the case of rocking motion, when the absolute horizontal acceleration of the floor has an extremely low frequency and a large amplitude, it is noticed that the cask rocks with very large amplitude and the overturning may occur.
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